Enteropathogen contamination of groundwater, including potable water sources, is a global concern. The spreading on land of animal slurries and manures, which can contain a broad range of pathogenic microorganisms, is considered a major contributor to this contamination. Some of the pathogenic microorganisms applied to soil have been observed to leach through the soil into groundwater, which poses a risk to public health. There is a critical need, therefore, for characterization of pathogen movement through the vadose zone for assessment of the risk to groundwater quality due to agricultural activities. A lysimeter experiment was performed to investigate the effect of soil type and condition on the fate and transport of potential bacterial pathogens, using Escherichia coli as a marker, in four Irish soils (n ‫؍‬ 9). Cattle slurry (34 tonnes per ha) was spread on intact soil monoliths (depth, 1 m; diameter, 0.6 m) in the spring and summer. No effect of treatment or the initial soil moisture on the E. coli that leached from the soil was observed. Leaching of E. coli was observed predominantly from one soil type (average, 1.11 ؎ 0.77 CFU ml ؊1 ), a poorly drained Luvic Stagnosol, under natural rainfall conditions, and preferential flow was an important transport mechanism. E. coli was found to have persisted in control soils for more than 9 years, indicating that autochthonous E. coli populations are capable of becoming naturalized in the low-temperature environments of temperate maritime soils and that they can move through soil. This may compromise the use of E. coli as an indicator of fecal pollution of waters in these regions.
The contamination of groundwater, including potable water supplies, with microbial pathogens continues to be a global concern (52, 59) . Of particular importance in developed countries are the high levels of contamination associated with smallscale and very-small-scale drinking water supplies (5, 19, 57) , often groundwater, which serve an estimated 10% of the total population in the European Union (13) . The high numbers of these water supplies found to be contaminated with fecal bacteria and thus considered to be unfit for human consumption are worrying because the water from them is often untreated or inadequately treated prior to consumption. Microbial pathogens are known to survive for considerable periods of time in groundwater (29) , which increases the health risk due to utilization of contaminated supplies. There are various sources of contamination, but evidence suggests that contamination from the spreading of animal slurries and manures on land can be a significant contributor (3, 33, 53) . Spreading of agricultural slurries and manures on land is used by the agricultural sector as a means of nutrient recycling. The health risks associated with the spreading of animal and human wastes containing enteric pathogens have been recognized for a long time (10, 18) . Animal manure and wastewaters may contain a broad range of pathogenic microorganisms, including Escherichia coli O157:H7, Campylobacter, Cryptosporidium, Salmonella spp., and pathogenic viruses, which are released into the environment during spreading (15, 22, 55) . The levels and incidence of pathogens present in animal manures and slurries are influenced by a number of factors, including herd health, age demographics, stress factors, diet, season, and manure management and storage (37, 39) . Soils (and subsoils) often act as a zone for mitigating microbial contamination of groundwater associated with the spreading of animal slurries and manures on land. Some of the pathogenic microorganisms applied to agricultural soils have, however, been observed to leach through the soil into groundwater, which can affect drinking water quality and pose a risk to public health (16, 26, 28, 42, 50) , confirming that soil is not always a sufficient obstruction for protection of groundwater (16, 53) . Consequently, characterization of the movement of pathogens through the unsaturated soil and subsoil zone (vadose zone) has become critical for assessment of the risk to groundwater posed by agricultural activities (8, 14, 42) . The soil and subsoil type is believed to be a major factor influencing the potential transfer of pathogens through soil to groundwater (3, 34, 41, 50) . The preapplication moisture status of a soil, which may be influenced by the season, also impacts pathogen survival, fate, and transport (2, 11, 43, 54) .
E. coli is widely used as an indicator of fecal contamination of water, and certain strains are known to be pathogenic (12) . Thus, characterizing this organism's transport through soil is important because of the health risk posed by the organism itself and with regard to its validity as an indicator of the fate of enteropathogens in the environment. E. coli strains have diverse properties and capabilities that affect their survival and transport in soils (9, 36, 56, 60) . Consequently, data obtained by using total E. coli rather than individual surrogate strains can be more representative of the fate and transport of E. coli present in animal slurries. E. coli O157 die-off in soils has been reported to be the same as or quicker than total E. coli die-off, suggesting that data for total E. coli provide a conservative estimate of the survival potential (38, 56) . Although many field and laboratory studies have investigated E. coli transport through soil columns (4, 6, 16, 43, 46, 47, 50, 51) , most studies have investigated transport through soil to a depth of less than 30 cm. For assessment of the risk of transport to groundwater, such studies may not take into account the variation in soil physical and chemical characteristics with depth (e.g., the frequency and continuity of macropores, organic matter, and moisture contents) that affect bacterial transport. Furthermore, rainfall was often simulated in previous studies, which allows experimental conditions to be controlled but may not be representative of the risk due to variable natural rainfall events over time. In this study, we used intact soil monoliths that were 1 m deep to assess the risk of leaching of total E. coli in four representative Irish soil types under natural rainfall and environmental conditions.
The objective of this study was to quantitatively investigate the impact of soil type and season (soil moisture content) on the fate and transport of E. coli spread on four different temperate maritime soil types under natural rainfall conditions. We hypothesized that there would be a greater microbial risk to underlying groundwater with better-drained soil types than with relatively poorly drained soil types following the application of animal slurry. In addition, we hypothesized that E. coli cells spread on wetter spring soils would be transported in greater numbers than E. coli cells spread on drier soils in the summer.
MATERIALS AND METHODS
Lysimeter unit. A lysimeter experiment was carried out using an established lysimeter unit in Johnstown Castle, Wexford, Ireland (6°30ЈW, 52°17ЈN), under maritime temperate climatic conditions. The establishment and experimental design of the lysimeter unit were described previously by Ryan and Fanning (45) .
Briefly, replicate undisturbed monoliths of soils (diameter, 0.6 m; depth, 1 m) encased in rigid fiberglass cylinders were removed from each of five grassland sites in the Republic of Ireland in 1990. The soils were chosen to encompass a representative range of soil types, drainage characteristics, and soil parent material. Following transport to the lysimeter unit at Johnstown Castle, the lysimeters were randomly installed on both sides of an open trench where, by gravity, pipes direct drainage water from each lysimeter into collecting vessels. The area surrounding the lysimeters was backfilled with soil and covered with loose gravel. The lysimeter unit was caged to prevent contamination by birds or small mammals. A sward of perennial ryegrass (Lolium perenne) was established on each of the lysimeters. The lysimeter unit was previously used to study nitrate leaching on Irish soils (45) localities from which they were taken) were used in this experiment, and there were nine replicate lysimeters for each soil. Major properties of the soils are shown in Table 1 . Three lysimeters for each soil type received an application of cattle slurry at an average concentration of 34 tonnes per ha in August 2006 (summer, low soil moisture) (day 0), while another three lysimeters received a similar application in February 2007 (spring, high soil moisture) (day 184). The remaining three lysimeters for each soil type were maintained as controls (no treatment) throughout the experimental period. Slurry was applied by hand in a manner replicating that of a splash plate spreader. Subsamples of slurry were analyzed to determine the dry matter (DM) content and E. coli load prior to spreading. The DM content was analyzed by drying samples for 48 h (or until a constant weight was obtained) at 100°C. Samples were analyzed to determine the E. coli content using the Idexx Colisure most-probable-number methodology (35) after dilution with phosphate-buffered saline.
The experiment was performed under natural rainfall conditions, and sampling was carried out regularly during the drainage period for 488 days. The volume of leachate obtained from each lysimeter was measured and expressed as mass (kg) throughout the experiment for each sampling event, while an onsite weather station next to the lysimeters recorded weather data, including rainfall, solar radiation, soil temperature, air temperature, and humidity. The following two types of sampling regimens were used. Throughout the experimental period, a subsample of the total drainage for each lysimeter was taken after each leachate-producing rainfall event for E. coli analysis. In addition, two rainfall events that occurred shortly after the first leachate emerged after application of the slurry were selected for intensive sampling. During this intensive sampling approximately every 250 ml of drainage water was sampled. For E. coli analysis 100-ml subsamples were taken aseptically and processed within 2 h, and organisms were enumerated using Idexx Colisure following incubation at 35°C for 24 h. Isolates obtained from a selection of positive Colisure wells on a number of sampling days were verified to be E. coli isolates by positive confirmation on Statistics. An analysis of variance (ANOVA) was performed with log-transformed total lysimeter E. coli load data with Proc Mixed (SAS 9.1), using soil type as a blocking factor.
RESULTS
The slurry spread in the summer was found to have an average DM content of 8% Ϯ 0.01% and an average E. coli load of 1.6 ϫ 10 5 Ϯ 2.4 ϫ 10 4 CFU per g (wet weight) of slurry, while the slurry spread in the spring had an average DM content of 7.4% Ϯ 0.2% and an average E. coli load of 1.2 ϫ 10 5 Ϯ 2.8 ϫ 10 4 CFU per g (wet weight) of slurry. A summary of the climatic data recorded by the onsite weather station is shown in Table 2 . The data show the low average temperature, as well as the frequent rainfall and relatively small variation in soil and air temperatures, which is characteristic of a temperate maritime climate. The daily rainfall data and the average cumulative amounts of leachate for the four soils are shown in Fig. 1 . The RA and EL soils exhibited similar drainage patterns during the experimental period, while the OA and CL soils had similar drainage patterns.
Treatments. E. coli was detected in leachate from both lysimeters to which slurry was applied (spring and summer) and nontreated soil (control) lysimeters. As the slurry treatments were not applied at the same time, the comparison of treatments was based on the total amount of E. coli that leached in a fixed amount of leachate (45 kg) following application of the slurry or, in the case of the control treatment, after day 0 of the experiment. Although the time period required for this amount of drainage water to be leached varied between lysimeters and soils (from 49 to 297 days), this comparison was considered to be the most equitable comparison across all of the treatments. Box plots (not shown) suggested that the variance across soils was not equal. The heterogeneity was tested and modeled using the repeated statement in Proc Mixed. Residual checks showed that the assumptions of the tests were met. In addition, another analysis was carried out to compare the total amounts of E. coli leached from control lysimeters and from lysimeters to which slurry was applied in the summer for the whole experiment (488 days) and to compare the total amounts of E. coli leached from control lysimeters and from lysimeters to which slurry was applied in the spring for the experimental period after the spring application date (i.e., after day 184). All assumptions of the test were met. In both analyses treatment was not significant (␣ ϭ 0.05), while the block effect suggested that there was a strong association with soil type; the F statistic values were 104.96, 9.41, and 16.14 for the 45-kg leachate, summer-versus-control, and spring-versuscontrol comparisons, respectively.
Soils. Under natural rainfall conditions, E. coli was detected in the drainage water from all four soil types during the experimental period (Fig. 2) . Leaching of the bacterium was observed predominantly from the RA soil, and low levels of bacterial contamination were frequently observed for the drainage water from all 9 replicate lysimeters for this soil, including water from the untreated soil in control lysimeters and water from other lysimeter soils prior to treatment (Fig. 3) . 
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The total amount of E. coli leached from the RA soil lysimeters during the experiment was 9.5, 368, and 2,863 times the total amounts leached from the EL, CL, and OA soil lysimeters, respectively. E. coli also leached more frequently from the RA soil lysimeters than from the other soil lysimeters; during the experimental period 138 leachate samples from the RA soil were positive for E. coli (Fig. 3 ), while 46, 11, and 7 of the leachate samples from the EL, CL, and OA soils, respectively, were positive for E. coli. The results indicated that positive samples comprised 48, 16, 3, and 2.0% of the total leachate samples collected for the RA, EL, CL, and OA soils, respectively. When the risk of E. coli leaching from the soil types in the control lysimeters was assessed, the largest amount per gram of leachate was found to leach from the RA soil (Fig. 4) . The presence of E. coli in the drainage water of the soils was often found to be related to rainfall events, and high numbers of bacteria were often associated with high-intensity or prolonged rainfall. For the RA soil, this was often associated with a change in the color (to brown) of the leachate. Variability in the occurrence and temporal variation of the E. coli leached was observed between replicate lysimeters. An example of this is the EL soil (Fig. 5) . On some occasions, all replicate lysimeters of a treatment leached simultaneously, and this was often associated with a rainfall event. In other cases, leaching was more sporadic, with E. coli leaching from different replicates at different times. With the other soil types E. coli leaching was often confined to the drainage water of specific lysimeters, and E. coli never leached from other lysimeters (e.g., replicate 2 EL control soil [ Fig. 5]) .
DISCUSSION
This study was designed to quantitatively investigate the impact of soil type and application season on the fate and transport of E. coli spread on four different temperate maritime soils under natural rainfall conditions. We hypothesized that E. coli transport would be different in different soil types and that E. coli spread on land would be transported more quickly through better-drained soils. In addition, we hypothesized that E. coli spread on land in the spring would be transported in greater numbers than E. coli spread on land in the summer due to wetter soil conditions that facilitated transport and survival. The results demonstrate that there was a soil type effect on the transport of E. coli in our experiments. Contrary to our hypothesis, however, the lowest numbers of E. coli cells leached from the best-drained soil (OA), while the greatest numbers of E. coli cells leached from the most poorly drained soil (RA). The results indicate that the soil moisture at the time of application had no effect on the numbers of E. coli cells leached. Filtration is believed to be the principal factor influencing the transport of bacteria through soil (17) . The similar drainage patterns of the RA and EL soils, from which the highest numbers of E. coli cells leached during the experimental period, suggest that the physical properties of these soils may be similar, and this has been reported previously for these soils (31) . In both soils the clay content increases with depth, and this may favor the formation of macropores, which are known to be important pathways for bacterial transport and to reduce the filtration capacity of soils (1, 6, 53) . Aislabie et al. (4) reported that differences in soil structure between soils resulted in differences in microbial movement, with the coarse subsoil structure of poorly drained soils favoring preferential flow through macropores and the fine soil structure of welldrained soils favoring matrix flow. Smith (50) also found that the extent of E. coli transport in soils was related to soil structure, and transport through macropores was believed to be an important transport mechanism. Water travels at a higher velocity through macropores than through the soil matrix, and this may shear off bacteria attached to soil particles in pore channels. Guber et al. (20) asserted that differences in bacterial transport in soil could be attributed to variations in pore water velocity caused by the spatial variability of the soil structure, while Abu-Ashour and Abu-Zreig (1) reported that desorption of biotracer cells was favored at a higher interstitial velocity, which resulted in greater shear forces. The leaching of greater numbers of E. coli cells from the more poorly drained soils in this experiment suggests that bacterial transport occurs by means of preferential flow routes. The observation that E. coli leaching occurred only in certain lysimeters within soil types further supports the hypothesis that there is structural variation in soils between lysimeters, and this variation may include the number and continuity of preferential routes.
The increases in the levels of bacterial leaching associated with high-intensity or prolonged rainfall events indicated that microorganisms were flushed through the soils. The change in the color of the leachate for the RA soil accompanying these rainfall events supports this view. This was not unexpected as a number of studies have related numbers of bacteria and the hydraulic loading rate associated with major rainfall events (21, 23, 51) . The leaching of E. coli between intensive rainfall events or during lower-intensity rainfall events may have occurred because the threshold value required for saturation of the lysimeter base necessary for leaching of the drainage water was reached. Saini et al. (46) found that the length of time between application of manure and the first rainfall event was the most important factor influencing the leaching of E. coli. Due to the large background amounts of E. coli that leached throughout the experimental period in our study, E. coli leaching could not be directly attributed to application of slurry. However, in both the RA and EL soils large amounts of E. coli leached shortly after the spring application of slurry, which may have been indicative of preferential flow events. The reduced moisture content of the soils during the summer application may have precluded transport after application due to the reduction in the number of conducting transport pathways.
The leaching of E. coli from control soils, and from amended soils prior to treatment, more than 9 years after the last application of fecal material indicates that this organism can survive for prolonged periods in the lysimeter soils. The survival of enteric bacteria in soils is dependent on a number of factors (3, 17) . A principal factor is the moisture content of the soil environment, which is strongly influenced by the soil particle distribution and organic matter content of the soil (27) . The clay content of soils is particularly important with respect to survival as clay particles provide a larger ecological niche that is protected against predators and greater availability of substrates and moisture than sand particles (32) . Survival of enteric bacteria in soil is, therefore, strongly dependent on the soil type. The OA soil, from which the lowest numbers of E. coli cells leached, has a low water-holding capacity and the E. COLI LEACHING FROM TEMPERATE MARITIME SOILS 1453
on October 15, 2017 by guest http://aem.asm.org/ lowest clay content of the soils studied. Survival of enteric bacteria in this soil type would be expected to be limited and perhaps confined to organic material hotspots. In contrast, the RA soil is clay rich and has a compact soil structure below a depth of 50 cm, above which there are likely to be saturated soil conditions for a considerable portion of the year. The survival of E. coli, a facultative anaerobe, may be favored by the resulting anaerobic environment. Protozoan grazing, which is known to reduce E. coli populations in soils (44) , may also be decreased under anaerobic conditions. Die-off rates for E. coli in soil have been investigated often, and the majority of studies have reported a survival time of 2 to 4 months for enteric bacteria (27) . Ohtomo et al. (40) reported that E. coli could survive for at least several months in grassland soils. Avery et al. (7) observed that E. coli O157:H7 could survive for at least 8 weeks in pasture. Sjogren (49) investigated E. coli survival in soils and produced model die-off curves that estimated probable survival times ranging from 20.7 to 23.3 months. Very few studies have shown long-term persistence of E. coli in grassland soils. Sjogren (48) reported that an antibiotic-resistant E. coli strain applied to Podzol field plots survived for 13 years after it was applied at high loading rates in a nutrient broth. In most studies, however, it has been observed that the majority of E. coli cells die rapidly once they are introduced into soil, and a key factor in this may be E. coli's inability to step down its metabolic rate to cope with the low availability of usable carbon in the soil environment (30) . While in general the size of an E. coli population declines rapidly after this organism enters soil, elements of the population may exhibit enhanced survival due to advantageous physiological properties or colonization of more favorable sites (38) . It has been proposed for a long time that bacteria can survive under inhospitable environmental conditions by entering a viable but nonculturable (VBNC) state (58) . However, isolates recovered from lysimeter soils in this study were readily cultured and so were considered physiologically active.
The physiological status of the organisms, combined with the length of time since the last application of fecal material and the amount and frequency of E. coli leaching from all nine lysimeters with the RA soil, indicates that E. coli not only survives in this soil but also likely grows. Autochthonous, or naturalized, E. coli populations have previously been reported for soils in tropical and subtropical regions and, more recently, for soils in temperate and northern temperate regions (25) , but to our knowledge this is the first report of the presence of autochthonous E. coli populations in relatively low-temperature maritime temperate soils. This raises interesting questions about how these organisms grow and compete for niche space with indigenous soil organisms at temperatures which are suboptimal for E. coli growth and demonstrates the importance of long-term survival studies. Ishii (24) demonstrated that naturalized E. coli was present and grew in northern temperate soils but observed that during laboratory incubation E. coli could grow only at higher temperatures and growth was followed by rapid die-off. This suggests that soilborne isolates survive in soils until the temperature rises enough to facilitate growth. In maritime temperate soils E. coli growth would have to occur at lower temperatures. This suggests that organisms may have phenotypic characteristics favorable for growth in this environment or that the soil environment is favorable in terms of substrate availability and protection from predation. Outside tropical and subtropical environments, where high temperatures and nutrient availability favor growth, autochthonous E. coli strains have been found mainly in wet or submerged environments (25) , indicating that survival of E. coli in the environment may be favored by anaerobic or microaerobic conditions. E. coli may have the capacity to grow in anaerobic zones or in micropores (where the formation of biofilms may provide protection against predation) in the RA soil. Similar favorable sites in the EL soil may allow the presence of autochthonous E. coli populations.
In conclusion, the greatest numbers of E. coli cells leached from the poorly drained Luvic Stagnosol soil in our lysimeter study, while the smallest numbers of E. coli cells leached from the freely drained Haplic Cambisol soil over the experimental period. For all soil types, spatial variability in the soil structure was important in the transport of the bacterium. No effect of the soil moisture status prior to application was observed in this study. In this trial E. coli was found to leach from lysimeters for all four soil types at a wide range of concentrations under natural rainfall conditions, but the public health consequences of this finding are unclear. The potential for bacterial transport through subsoil below a depth of 1 m, in which there may be reduced macropore conductivity, is poorly understood and is an important consideration in assessing the risk to groundwater. In more poorly drained soil types, it is likely that artificial soil drainage schemes may facilitate the transport of E. coli in soil to surface water. The high levels of E. coli leaching from control soils that had not been amended with fecal material in over 9 years indicates that there is long-term persistence of E. coli in Irish soils, implying that the characteristics of a soil that influence survival are at least as important as the characteristics that influence transport in predicting potential risk. The high frequency of E. coli leaching, particularly in the Luvic Stagnosol soil, suggests that autochthonous E. coli populations are capable of becoming naturalized in the low-temperature environments of temperate maritime soils. This may compromise use of E. coli as the sole indicator of fecal pollution in waters in these regions.
